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ABSTRACT In infection experiments with genetically distinct Mycobacterium tuberculosis complex (MTBC) strains, we identified 
clade-specific virulence patterns in human primary macrophages and in mice infected by the aerosol route, both reflecting rele- 
vant model systems. Exclusively human-adapted M. tuberculosis lineages, also termed dade I, comprising "modern" lineages, 
such as Beijing and Euro-American Haarlem strains, showed a significantly enhanced capability to grow compared to that of 
clade II strains, which include "ancient" lineages, such as, e.g.. East African Indian or M. africanum strains. However, a simple 
correlation of inflammatory response profiles with strain virulence was not apparent. OveraU, our data reveal three different 
pathogenic profiles: (i) strains of the Beijing lineage are characterized by low uptake, low cytokine induction, and a high replica- 
tive potential, (ii) strains of the Haarlem lineage by high uptake, high cytokine induction, and high growth rates, and (iii) EAI 
strains by low uptake, low cytokine induction, and a low replicative potential. Our findings have significant implications for our 
understanding of host-pathogen interaction and factors that modulate the outcomes of infections. Future studies addressing the 
underlying mechanisms and clinical implications need to take into account the diversity of both the pathogen and the host. 

IMPORTANCE Clinical strains of the Mycobacterium tuberculosis complex (MTBC) are genetically more diverse than previously 
anticipated. Our analysis of mycobacterial growth characteristics in primary human macrophages and aerogenicaUy infected 
mice shows that the MTBC genetic differences translate into pathogenic differences in the interaction with the host. Our study 
reveals for the first time that "TB is not TB," if put in plain terms. We are convinced that it is very unlikely that a single molecu- 
lar mechanism may explain the observed effects. Our study refutes the hypothesis that there is a simple correlation between cyto- 
kine induction as a single functional parameter of host interaction and mycobacterial virulence. Instead, careful consideration of 
strain- and lineage-specific characteristics must guide our attempts to decipher what determines the pathological potential and 
thus the outcomes of infection with MTBC, one of the most important human pathogens. 
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According to the World Health Organization, tuberculosis 
(TB) is stiU among the most deadly infectious diseases world- 
wide (1). When the pathogenesis of TB is considered, it is striking 
that only approximately 5 to 10% of immunocompetent individ- 
uals progress to active TB after infection. For a long time, host 
(immune status) and environmental factors (e.g., length and in- 
tensity of exposure) have been contemplated as major determi- 
nants driving the course of infection, while pathogen diversity has 
been neglected and considered largely unimportant (2). 

This paradigm is now changing due to an increasing number of 
studies demonstrating that the genetic diversity of the pathogens 
of the Mycobacterium tuberculosis complex (MTBC) (M. tubercu- 
losis, M. africanum, M. canettii, M. microti, M. caprae, M. bovis, 
and M. pinnipedii) is higher than previously anticipated. This di- 



versity has a substantial impact on the individual virulence and 
immunogenicity of clinical isolates (reviewed in reference 2). Us- 
ing state-of-the-art molecular genotyping techniques (e.g., myco- 
bacterial interspersed repetitive units-variable number of tandem 
repeats [MIRU-VNTR] typing), we demonstrated that the MTBC 
consists of two clades. One contains exclusively human-adapted 
M. tuberculosis lineages/genotypes ("modern" lineages, e.g., Bei- 
jing and Euro-American Haarlem), and the other is composed of 
both animal- and human-adapted lineages, e.g., M. africanum 
West African 1 and 2 or M. bovis (3). The classification of MTBC 
into six main phylogenetic lineages has been confirmed by high- 
throughput sequence analyses (4, 5). These analyses also demon- 
strated that the level of genetic diversity (mainly single nucleotide 
polymorphisms [SNPs] ) in human-adapted MTBC strains is sim- 
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ilar to that in animal-adapted strains, potentially reflecting patho- 
genic difl^erences as a consequence of adaptation to different hosts. 
Due to reduced purifying selection, most of this diversity is func- 
tional (nonsynonymous SNPs) (4). In an investigation using mas- 
sive parallel sequencing technologies, we could show that even 
very closely related strains can harbor significant levels of diversity 
on the whole-genome level, potentially leading to strain-specific 
virulence determinants (6). This is supported by the fact that the 
causative difference between the virulent and avirulent variants of 
the reference strain H37 (H37Rv and H37Ra) has been linked to 
just three unique SNPs (7). 

There is also mounting evidence that this genetic diversity in- 
deed influences the transmissibility and virulence of clinical 
MTBC isolates and the immune response and clinical picture they 
evoke (reviewed in reference 2). The first evidence was based on 
numerous population-based epidemiological studies (including 
our own in Hamburg, Germany [8]) that have shown that some 
strains cause large outbreaks while others do not and appear to be 
attenuated in particular host populations (reviewed in reference 
2), thus strongly arguing for the existence of strain-specific patho- 
genicity traits. A first indication of host-specific adaptation of the 
pathogen was the finding that MTBC strains of different lineages 
do not transmit equally in different host populations (9). The 
amended classification of clinical isolates in different "principal 
genetic groups" also led to the discovery of clear differences in 
immune responses (10, 11), rates of progression to disease (12), 
and disease type ( 1 3 , 1 4) . In a study in Madagascar, the correlation 
of the gamma interferon (IFN-y) responses with the spoligotypes 
of the infecting clinical strains showed that strains belonging to 
the "modern" M. tuberculosis lineages, such as Beijing and Central 
Asian (CAS), induced lower IFN-y responses in index cases and 
their household contacts than "ancient" genotypes, like East 
African-Indian (EAI) strains (15). The findings of that study are in 
line with a report that suggests that modern strains (clade 1,M. tu- 
berculosis Euro-American superlineage, e.g., Haarlem or X type, 
Beijing, Delhi-Cas) may have evolved more toward an attenuated 
inflammatory host response than strains of ancient lineages (clade 
2, M. tuberculosis EAI, M. africanum, and M. bovis) (16). These 
differential pathogenic properties might be related to a more rapid 
progression to severe disease that has been found in humans and 
experimental animals infected with strains of the Beijing lineage 
(10, 17-20). Further indications for specific adaptations to partic- 
ular hosts were deciphered by analyzing human genetic variants 
associated with susceptibility to disease. We identified human ge- 
netic variants that protect from infection with a particular MTBC 
genotype (21). Further analyses have shown that there are addi- 
tional human variants that protect specifically against other 
MTBC genotypes only (22). 

In spite of this clear evidence for the presence of pathogen 
factors modulating the course of infection, the underlying mech- 
anisms involved in host-pathogen interaction are only poorly un- 
derstood. It is not clear yet at what stage of the complex process 
leading to disease successful or virulent strains might have an ad- 
vantage over attenuated or less-virulent strains. The interaction of 
the mycobacterium with the macrophage, its primary host cell, 
leads to a fast activation of cellular signaling pathways, followed by 
the release of various mediators, such as cytokines or chemokines 
(23). The differential release of proinflammatory and anti- 
inflammatory cytokines contributes to the overall cell activation, 
which may determine whether the pathogen is eradicated or not 



(18). Therefore, the analysis of the initial host cell response, in- 
cluding intramacrophage growth, may represent a powerful tool 
to rapidly characterize the virulence of clinical isolates. 

To date, studies analyzing the pathogenicity of clinical isolates 
have mainly been restricted to a very few isolates. The assessment 
of virulence of particular strains is difficult. In the current study, 
we analyzed the infection of human primary macrophages with 
MTBC clade I and clade II strains. MTBC clade I strains showed an 
enhanced ability to grow in human macrophages and were asso- 
ciated with an increased bacterial replication in the lungs of in- 
fected mice compared to MTBC clade II strains. We also demon- 
strated that a particular MTBC genotype translates into a distinct 
biological response profile when getting into contact with human 
immune cells; however, there was no correlation of a particular 
cytokine release pattern with a particular virulence phenotype as 
defined by growth characteristics in human macrophages. 

RESULTS 

MTBC Beijing, Haarlem, and EAI strains differ in their abilities 
to induce cytokines in human macrophages. Cytokines are crit- 
ical effector molecules during the immune response against M. tu- 
berculosis. Thus, we analyzed the cytokine formation of human 
monocyte-derived macrophages (hMDMs) in response to 13 ge- 
netically distinct strains of the MTBC (Table 1) (3). hMDMs were 
infected at a multiplicity of infection (MOI) of 3:1 with several 
strains of the clade I group (H37Rv, 4 Beijing and 3 Haarlem 
strains) and clade II strains (3 EAI, 2 West African 2 [WA2] 
strains) for 24 h, and the release of tumor necrosis factor alpha 
(TNF-a), interleukin 12p40 (IL-12p40), IL-1^, RANTES, and 
IL-6 into the cell culture supernatants was measured by cytomet- 
ric bead array analysis. In order to take donor-specific response 
levels into account, data were normalized to the lipopolysaccha- 
ride (LPS)-induced responses of the donors. The macrophage re- 
sponses to distinct isolates were substantially different (Fig. 1): 
macrophages from all donors analyzed showed only a very weak 
response to infection with Beijing isolates (4 strains), which is in 
line with previously published observations (17, 18). In contrast, 
the infection with Haarlem isolates (3 strains) led to a substantial 
cytokine response for all 5 mediators analyzed. The response level 
was increased 5- to 10-fold over the amounts induced by Beijing 
isolates. Analysis of the culture supernatants after infection with 
EAI strains showed a very weak response, which resembled the 
levels observed with Beijing isolates. Analyses of two M. africanum 
isolates had more ambiguous results: while the WA-2 strain 
10514/01 induced a strong release, the response to strain 10517/01 
of the same lineage was rather weak. In conclusion, Beijing, Haar- 
lem, and EAI isolates induced a distinct biological response pro- 
file: infection with Haarlem isolates led to a strong proinflamma- 
tory cytokine response, whereas the response to Beijing and the 
EAI strains was rather low. 

Uptake of MTBC strains by human macrophages. To charac- 
terize the interaction of the macrophage with the clinical isolates 
more closely, we studied the uptake of the strains in human mac- 
rophages: 2 X 10^ hMDMs were infected with nine different 
strains of the MTBC: in addition to the reference strain H37Rv, we 
analyzed two Beijing (1934/03 and 49/02), two Haarlem (4130/02 
and 2336/02), two EAI (1797/03 and 947/01), and two WA2 
( 1 05 1 4/0 1 and 1 05 1 7/0 1 ) strains. Cells were infected with an MOI 
of 0.5 to 1 bacterium per macrophage (Fig. 2) and washed 4 h 
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TABLE 1 Mycobacterium tuberculosis strains used in this study 



Sample name 


Species 


Superlineage 


Lineage 


Note 


yo/ y/ uu 


lYi. tUuCTCUlOStS 


L/lacle i /iiuro-American 




Keterence stram 


1 Q^4/n^ 
i yj'ti uj 


Ad.. tuhcYculosts 


Clade 1 


Beijing 






\n 'ti irt£>vfi 1 Irtci c 

IVl. LUUCI LUIVjIj 


Clade 1 


Rf^i 11 n (T 
ijCllillld 






Isd. tuhcfculosis 


Clade 1 


Beijing 




49/02 


Isd. tuhcfculosis 


Clade 1 


Beijing 






Af. tuhcTculosis 


VjldtlC Z 


EAI 




1797/03 


A'f. tuhcTculosis 


VjldtlC Z 


EAI 




947/01 


M. tuberculosis 


Clade 2 


EAI 




4130/02 


M. tuberculosis 


Clade 1/Euro-American 


Haarlem 


Nonclustered" 


2336/02 


M. tuberculosis 


Clade 1 /Euro-American 


Haarlem 


Nonclustered" 


9532/03 


M. tuberculosis 


Clade 1 /Euro-American 


Haarlem 


Nonclustered" 


7761/01 


M. tuberculosis 


Clade 1 /Euro-American 


Haarlem 


Clustered" 


8921/02 


M. tuberculosis 


Clade 1/Euro-American 


Haarlem 


Clustered" 


7679/03 


M. tuberculosis 


Clade 1/Euro-American 


Haarlem 


Clustered" 


10514/01 


M. africanum 


Clade 2 


West African 2 




10517/01 


M. africanum 


Clade 2 


West African 2 





" As defined in a longitudinal molecular epidemiological study in Hamburg, Germany (8). Abbreviations: ATCC, American Type Culture Collection; EAI, East African Indian. 



postinfection (p.i.)- The numbers of CFU were determined by 
serial dilutions of cellular lysates. 

The cells ingested between 2% and 15% of the inoculated bac- 
teria in seven of the nine strains investigated (H37Rv, Beijing, EAI, 
and WA2). The uptake rates of these seven isolates were not sig- 
nificantly different. Of note, the uptake rates of the M. tuberculosis 
Haarlem strains 2336/02 and 4130/02 were significantly different 
from those of the strains of the other lineages: macrophages 
phagocytosed 34.08% ± 13.8% and 53.56% ± 13.33% (mean ± 
standard error of the mean [SEM]) of the inoculated bacteria, 
respectively. 

Differential growth of MTBC clade I and clade II strains in 
human macrophages. Parallel cultures of MTBC strain-infected 
macrophages (see above) were cultured for 7 additional days and 
lysed, and the numbers of CFU were subsequently determined 
(Fig. 3A): H37Rv and the Beijing and Haarlem isolates showed a 
substantial growth in hMDMs. Compared to the amount of intra- 
cellular bacteria 4 h after infection, 13.3-fold (H37Rv), 11.8- and 
16.5-fold (Beijing 49/02 and 1934/03), and 9.0- and 9.4-fold 
(Haarlem 2336/02 and 4130/02) increases in CFU were observed. 
In contrast, the fold increase ratios for macrophage cultures in- 
fected with clade II strains were consistently low (0.8 and 3.8 for 
EAI [1797/03 and 947/01] and 0.7 and 3.7 for WA2 10514/01 and 
10517/01). These data suggest that there are significant differences 
in the growth potentials of MTBC clinical isolates in human mac- 
rophages (Fig. 3B). They demonstrate that MTBC clade I strains 
(Beijing, Haarlem, and the H37Rv reference strain) have a better 
growth capacity in human macrophages than clade II strains. 

In order to analyze whether the growth of these strains would 
be similar in their natural habitat, we infected human bronchoal- 
veolar lavage (BAL) cell cultures at a ratio of 3:1 and monitored 
uptake and intracellular growth of the bacteria. In cells from two 
independent donors, the clinical isolates Haarlem 2336/02 and 
Beijing 49/02 multiplied considerably faster in BAL cell cultures 
than the EAI 1797/03 and WA2 10514/01 strains (Fig. 4). These 
data demonstrate that clade I strains grow better in human alveo- 
lar lung cells than clade II strains. 

Comparable growth of clustered and nonclustered M. tuber- 
culosis Haarlem strains from Hamburg, Germany. Strains 
isolated from TB patients in Hamburg, Germany, belong predom- 



inantly to the M. tuberculosis Haarlem genotype. Some of these 
strains have previously been shown to cause major tuberculosis 
outbreaks (8), whereas other Haarlem strains are detected only 
sporadically. In order to analyze whether clinically successful 
(clustered) Haarlem strains show an enhanced growth in 
hMDMs, infection experiments were performed with three clus- 
tered strains (7761/01, 8921/02, and 7679/03) and three nonclus- 
tered strains (2336/02, 9532/03, and 4130/02). All sk strains 
showed a profound growth in cells from three different donors, 
again demonstrating that clade I strains have a strong capacity to 
multiply in macrophages derived from healthy European blood 
donors (Fig. 5). A comparative analysis between clustered and 
nonclustered isolates showed a slightly superior growth of out- 
break isolates; however, this did not reach statistical significance. 

Aerosol infection of mice: strains of the EAI and Beijing ge- 
notypes differ in CFU development and survival rates. We ex- 
tended our study to mouse aerosol infection experiments in order 
to monitor whether the differential growth characteristics ob- 
served in human macrophages would also be seen in the experi- 
mental tuberculosis infection in vivo. We infected C57BL/6 (ge- 
netically resistant) and DBA/2 (genetically susceptible) mice with 
H37Rv and two clinical isolates: Beijing 49/02 (clade I) and EAI 
1 797/03 (clade II) . The pulmonary bacterial burden after infection 
with the Beijing isolate was comparable to that for H37Rv (clade 
I), which was used as reference strain (Fig. 6A). Increasing bacte- 
rial numbers to approximately 1 0^ CFU up to day 2 1 postinfection 
were seen for both genotypes, followed by a plateau as shown 
previously (24). In contrast, the bacterial burden after EAI isolate 
infection was approximately 100-fold lower than the level of Bei- 
jing isolate CFU. Lungs of mice infected with the Beijing isolates 
also showed higher numbers of cellular infiltrates and larger gran- 
ulomatous lesions at days 2 1 and 90 than were seen with EAI strain 
infection (Fig. 7). These data demonstrate that the EAI strain was 
less virulent than the Beijing isolate although the mice were in- 
fected with twice as many bacteria. To independently investigate 
the virulences of the different isolates, we also monitored the sur- 
vival time of susceptible DBA/2 mice (25) after aerosol infection 
with the strains described above. The median survival time of mice 
infected with the Beijing genotype was 122 days (Fig. 6B). In con- 
trast, 60% of the mice infected with the EAI strains were still alive 
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FIG 1 Cytokine release of human macrophages in response to infection with 
strains of the MTBC. hMDMs were infected with the indicated strains of the 

(Continued) 



FIG 2 Differential uptake of MTBC strains by human macrophages. hMDMs 
were infected with strains of different lineages of the MTBC with an MOI of 1 : 1 
for 4 h. Quantification of viable CPU of the inoculum and 4 h postinfection was 
conducted by lysis of monolayers, serial dilution, and plating on 7H10 me- 
dium. Shown is the uptake (%) of bacteria related to the inoculum of each 
individual strain (mean ± SE for three independent experiments performed). 
Strains were grouped into lineages, and the uptake rates were compared by 
one-way analysis of variance (ANOVA); Tukey multiple-comparison test, **, 
P<0.01). 



on day 450 postinfection. Mice infected with H37Rv succumbed at 
day 120 or day 200 depending on the infection dose. Mice infected 
with EAI 1 797/03 showed a better survival than mice infected with 
Beijing 49/02 and also H37Rv. These data have been confirmed in 
independent experiments with one additional EAI strain and Bei- 
jing strain (EAI 4850/03 and Beijing 1934/03) (data not shown). 
This demonstrates reduced virulence of the clade II EAI strains 
compared to that of H37Rv and the Beijing isolates, which belong 
to MTBC clade I. 

DISCUSSION 

The current study identifies lineage-specific differences in the vir- 
ulence of clinical MTBC isolates in human primary macrophages 
and in a well-established mouse model of aerosol infection. Based 
on our data, previous concepts attempting to explain various vir- 
ulences of clinical isolates, e.g., by a direct relationship between 
the inflammatory response and strain success, may have been too 
simplistic. While we confirmed that some strains of the "modern/ 
clade I" MTBC branch induce only a mild inflammatory response, 
others did not. This seems to be dependent on the lineage they 
belong to (Haarlem, high; Beijing, low). Even more important, the 
inflammatory profiles neither correlate with virulence in the ex- 
perimental setting nor with epidemiological success. Thus, this 
feature appears to be of limited use for the prediction of virulence 
characteristics of clinical isolates. 

Only a few studies with human macrophages attempted to cor- 



Figure Legend Continued 

MTBC with an MOI of 3:1 for 24 h. The release of TNF, IL12p40, IL-1J3, IL-6, 
and RANTES was measured by cytometric bead array analysis (BD Biosci- 
ence). Means ± SE for three independent donors are shown. To adjust for 
donor-specific response levels, data have been normalized to the lipopolysac- 
charide (LPS) (10 ng/ml) responses of the donors ( = 100%). 
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FIG 4 Differential growtli of MTBC strains in liuman bronclioalveolar cells. 
Cells isolated from bronchoalveolar lavage of healthy donors were infected 
with the indicated strains of different lineages of the MTBC with an MOI of 1 : 1 
for 4 h and 7 days. Quantification of viable CFU at 4 h and 7 days postinfection 
was conducted by lysis of monolayers, serial dilution, and plating on 7H10 
medium. Error bars indicate standard deviations for two independent exper- 
iments performed with cells from different donors, each consisting of two 
technical replicates per strain. 



relate the release of cytokines induced by M. tuberculosis clinical 
isolates with the strain lineage: the authors hypothesized that low- 
inflammatory-response profiles were linked to "modern" MTBC 
lineages, global expansion, and adaptation to higher population 
densities (16, 26). While these studies provided the first valuable 
indications that the early inflammatory profile of clinical isolates 
may be related to the MTBC phylogeny, their proposal of a general 
link between weak cytokine induction and strong virulence may 
have been premature in light of the current study. Portevin et al. 
(16) reported that the levels of cytokines released by infected hu- 
man peripheral blood monocyte-derived macrophages were 
highly variable in response to different strains. Nevertheless, there 
was a significantly lower immune response to strains belonging to 
modern lineages than to strains from ancient lineages. This was 
suggested to provide a selective advantage by favoring more-rapid 
disease progression and transmission (16). Similar observations 
were made in other studies specifically for strains of the Beijing 



FIG 3 Differential growth of MTBC strains in human macrophages. (A) 
hMDMs were infected with the indicated strains of different lineages of the 
MTBC with an MOI of 1:1 for 4 h and 7 days. Quantification of viable CFU at 
4 h and 7 days postinfection was conducted by lysis of monolayers, serial 
dilution, and plating on 7H10 medium. Error bars indicate standard errors of 
the means from three independent experiments performed with cells from 
different donors, each consisting of two technical replicates per strain. The 
mean of the fold increase is shown in the upper left corner of each graph. (B) 
Fold growth of MTBC clade I and clade II in human macrophages. Shown are 
the means ± SEM of all clade I and II strains analyzed in panel A (*, P < 0.05, 
Mann- Whitney U test). 
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FIG 5 Growth of different MTBC Haarlem strains in fiuman macropfiages. liMDMs were infected with the indicated strains of different lineages of the MTBC 
with an MOI of 1 : 1 for 4 h and 7 days. Quantification of viable CFU at 4 h and 7 days postinfection was conducted by lysis of monolayers, serial dilution, and 
plating on 7H10 medium. Error bars indicate standard errors of the means for three independent experiments performed with cells from different donors, each 
consisting of two technical replicates per strain. The mean fold increase is shown in the upper left corner of each graph. 



lineage that induced low levels of proinflammatory TNF and 
IL-1^(26). 

While our data confirm that Beijing strains induce low cyto- 
kine levels and grow better in human macrophages, there is no 
general correlation of low cytokine induction with high virulence, 
since Euro-American Haarlem strains induced high levels of cyto- 
kines in all donors investigated, associated with a high virulence in 
human primary macrophages. Enhanced cytokine and chemokine 
formation induced by Haarlem isolates in human macrophages 
compared to results with strains of the Beijing lineage was also 
recently observed by others (27). The limited value of proinflam- 
matory cytokines as a sole predictive parameter for replication and 
virulence is further supported by our observation that the cyto- 
kine profile in response to EAI strains resembles the very low 
cytokine levels induced by Beijing isolates. However, the EAI 
strains only have a very limited replication rate in human macro- 
phages. A direct correlation between cytokine induction and 
grovrth is jeopardized by the results for the two M. africanum WA2 
isolates investigated. Infection with WA2 strain 10514/01 induced 
a strong host cell response, indicated by the secretion of TNF-a, 
IL-6, IL-12 p40, and RANTES. In contrast, macrophages infected 
with WA2 strain 10517/01 hardly produced any cytokines. Of 
note, neither strain showed profound growth in macrophages 
compared to results for Beijing and Haarlem isolates. These data 
hold also true for a larger test panel of Haarlem strains that com- 
prise attenuated (not involved in outbreaks; nonclustered) and 
highly successful strains (involved in outbreaks; clustered) deter- 
mined in a longitudinal population-based epidemiological study 
in Hamburg, Germany ( 8 ) . Cytokine induction was similarly high 
in clustered and nonclustered strains (data not shown), while 
growth in the human macrophage model was enhanced in suc- 
cessful strains, although this did not reach statistical significance. 



Taken together, it is likely that mechanisms independent from the 
capacity for cytokine production may better correlate with myco- 
bacterial growth in macrophages. In order to identify these pro- 
cesses, we are currently performing detailed gene expression pro- 
filing experiments in macrophages infected with different lineages 
of MTBC. 

Findings of the current study also suggest that uptake into hu- 
man monocytic cells may be involved in strain success. Compared 
to that for all other strains investigated, the uptake of the Haarlem 
isolates was 3- to 5-fold enhanced in macrophages differentiated 
from healthy European blood donors. Currently, the molecular 
mechanisms for this enhanced uptake and for successful growth 
remain elusive. 

Considering the fuU panel of strains analyzed, there is evidence 
for at least three different pathogenic profiles: (i) strains of the 
Beijing lineage are characterized by low uptake, low cytokine in- 
duction, and a high replicative potential, (ii) strains of the Haar- 
lem lineage by high uptake, high cytokine induction, and high 
growth rates, and (iii) EAI strains by low uptake, low cytokine 
induction, and low replicative potential. Similar to the EAI iso- 
lates, the M. africanum West African strains showed a low- 
virulence phenotype in human macrophages but were character- 
ized to induce a different cytokine induction profile. 

Overall, the data presented here support previous suggestions 
that modern/clade I and ancient/clade II have clear pathogenic 
differences that are nonetheless independent from cytokine in- 
duction profiles. We extended previous findings for murine bone 
marrow- derived macrophages (28) to human monocyte-derived 
macrophages, alveolar macrophages, and aerosol mouse infection 
models. An important question remains to be considered: how 
can the specific growth characteristics of clade I and clade II strains 
observed in independent experimental systems be explained? 
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FIG 6 Virulence of selected genotypes of the MTBC in mice. Detection of 
bacterial replication in the lung (A) or survival time (B) after aerosol infection 
with an intended infection dose of 200 CFU of representative strains of the EAI 
(filled triangles, dot-dash line) and Beijing (filled squares, dotted line) geno- 
types and H37Rv (empty circles, continuous line) as the reference strain. The 
bacterial burden was analyzed in the lungs of C57BL/6 mice; the survival time 
after infection with these strains was monitored in DBA/2 mice. Determina- 
tion of the inoculum size revealed that mice were infected with 588 CFU of the 
H37Rv strain, which is 1.7X higher than the infection dose of the EAI 
(345 CFU) and 3.7X higher than the inoculum size of the Beijing (159 CFU) 
genotype. In order to allow a better comparison of the bacterial replication and 
survival time between the three genotypes, results ft'om a parallel infection 
experiment with an inoculum size of 128 CFU of the II37Rv strain are included 
(filled circles, continuous line). Statistics: for CFU determination, data were 
log transformed and analyzed by two-way AN OVA with a Bonferroni posthoc 
test; ****,P< 0.0001; survival, log-rank Mantel Cox test; ****,P< 0.0001; 
P < 0.0005. 



the latter comprising representatives of major epidemics like the 
Beijing, Haarlem, and African M. tuberculosis isolates. In molecu- 
lar terms, TbDl stands for a DNA fragment of 2,153 bp which 
encodes two proteins: the transmembrane transport protein 
mmpL6 (Rvl557) and the putative membrane protein mmpS6. In 
TbDl -deficient strains, mmpL6 is truncated and mmpS6 is ab- 
sent. Thus, based on the current study, the deletion of these two 
proteins is associated with enhanced growth in human macro- 
phages. The comparative analysis of clade I and II strains as shown 
here represents a first functional correlation that the deletion of 
these two proteins indeed confers some selective advantage to 
"modern" M. tuberculosis strains. 

When the data are seen from a host cell perspective, it needs to 
be considered that our experiments were performed with macro- 
phages from healthy blood donors from Northern Europe. The 
observation that all "modern" or clade I strains were characterized 
by massive growth, whereas "ancient," clade II strains were not or 
showed only a very limited growth potential in human macro- 
phages, may indicated that Caucasian donors may have developed 
mechanisms that limit the replication of ancient TB strains. It is 
intriguing to speculate on what would happen if our study were 
performed with cells from donors originating from West or East 
Africa. If macrophages from African blood donors were to show 
an enhanced "in vitro susceptibility" to clade II strains, this would 
indicate that specific host factors, which differ between ethnic 
groups with distinct genetic backgrounds, may also impact the 
host's ability to control a particular strain. This is particularly 
interesting since it was recently shown in a study in Ghana that the 
development of tuberculosis as determined by X-ray data and 
clinical parameters does not differ between patients infected with 
a clade II M. africanum or a clade I African M. tuberculosis isolate 
(22, 30). 

It is a very common theme in microbiology that bacteria exert 
different virulence characteristics due to the expression of distinct 
virulence factors. At the species and subspecies levels, these factors 
are often encoded on virulence plasmids and pathogenicity is- 
lands, mechanisms which to our knowledge do not contribute to 
differences in mycobacterial virulence. At the strain level, it has 
become apparent that genomically diverse isolates of Streptococcus 
mutans, for example, exhibit considerable phenotypic heteroge- 
neity (31), and genetic diversity in Salmonella enterica serovar En- 
teritidis has recently been linked to genetic polymorphisms in 
known Salmonella virulence pathways (32). The current study 
demonstrates that the genetic diversity of MTBC strains also 
translates into pathogenic consequences. The identities of the in- 
dividual factors which are functionally responsible for the differ- 
ential behaviors of the MTBC complex strains are currently not 
known. Thus, a thorough structural analysis of these isolates is 
needed to identify and functionally characterize these virulence 
factors. In conclusion, strain- and lineage-specific characteristics 
must no longer be ignored when attempting to understand what 
determines the transmissibility and the pathogenic potential and 
thus the outcome of infection with MTBC 



A potential explanation is based on the detailed analysis of the 
phylogenetic tree obtained by MIRU-VNTR analysis (3). All 
strains belonging to the clade I carry the M. tuberculosis-specific 
TbDl deletion, which was identified in a seminal study by Brosch 
et al. (29). Based on the presence or absence of TbDl, M. tubercu- 
losis strains can be divided into "ancestral" and "modern" strains. 



MATERIALS AND METHODS 

Ethics statement. All experiments performed with human cells were ap- 
proved by the Ethics Committee of the University of Liibeck, Liibeck, 
Germany (permits 07/125, 10/215, and 12/116). The animal experiments 
performed were approved by the Ethics Committee for Animal Experi- 
ments of the Ministry for Environment, Nature, Protection and Agricul- 
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FIG 7 Histology of lungs infected with selected genotypes of the MTBC. Representative histopatliological findings for tire lungs at 21 and 90 days atter aerosol 
infection with isolates of the Beijing (A and B, d21; G and H, d90) or EAI (C and D, d21; I and J, d90) genotype and H37Rv (E and F, d21; K and L, d90) as a 
reference strain (intended infection dose, 200 CPU). Sections of the lungs were stained with H&E and are shown at low ( X40) (A, C, E, G, K, and L) or higher 
(X 100) (B, D, F, H, I, and J) magnification, respectively. Scale bars, 100 /j,m. 



ture of the State of Schleswig-Holstein (Kommission fur Tierversuche/ 
Ethik-Kommission des Landes Schleswig-Holstein), Kiel, Germany, 
permit V312-72241. 123-3 (112-11/10) ("Untersuchung des immun- 
modulatorischen Potentials von epidemiologisch relevanten klinischen 
Stammen des M.tb-Komplexes"/"Study on the immunomodulatory po- 
tential of epidemiologically relevant clinical strains of the M.tb- 
complex"). 

Bacteria. Bacterial strains were initially cultured from clinical samples 
on Lowenstein/Jensen (L/J) medium at the National Reference Center for 
Mycobacteria in Borstel, Germany. The IVITBC clinical isolates used in 
this study were handled to minimize in vitro passaging. All cultures used in 
this study were derived from frozen stocks prepared after a single in vitro 
passage of original archived samples. The virulent lab strain H37Rv, how- 
ever, has undergone countless rounds of in vitro passaging. All strains 
were further characterized by various genotyping methods and suscepti- 
bility testing as described elsewhere (3). The unweighted-pair group 
method using average linkages (UPGMA) tree of the strains used is de- 
picted in Fig. SI in the supplemental material. Homogenous bacterial 
suspensions were prepared from L/J cultures in 10 ml 7H9 medium sup- 
plemented with 10% oleic acid-albumin-dextrose-catalase (OADC), 
0.05% Tween 80, and 0.2% glycerol and incubated in 30-ml square me- 
dium bottles (Nalgene) at 37°C without shaking (preculture). Growth to 
mid-log phase was monitored by measuring the optical density at 600 nm 
(ODggg) every second day (Bio-Tek Synergy). Precultures were trans- 
ferred into a roller bottle system (Corning) and incubated at 37°C/5 rpm. 
Twenty milliliters of fresh medium was gradually added to a final volume 
of 100 ml (main culture). Mid-log-phase bacterial suspensions 
(ODjoo, 0.2 to 0.4) were stored in 1-ml aliquots at — 80°C for further 
investigations. Numbers of CFU were determined for each strain investi- 
gated. Furthermore, sterility controls (Ziehl-Neelsen staining, blood agar, 
and LB medium) were performed for all precultures and main cultures. 



Isolation, differentiation, and cultivation of hMDMs and BAL cells. 

Mononuclear cells were isolated from peripheral blood mononuclear cells 
(PBMC) of healthy volunteers by density gradient centrifugation. Mono- 
cytes were separated (purity consistently greater than 92%) by counter- 
flow elutriation. Human monocyte-derived macrophages (hMDMs) were 
generated in the presence of 10 ng/ml recombinant human macrophage 
colony-stimulating factor (M-CSF) from highly purified monocytes as 
described elsewhere (33). For the isolation of bronchoalveolar lavage 
(BAL) cells, a flexible bronchoscopy was performed according to German 
guidelines with intravenous and local anesthesia at the physician's discre- 
tion (34). The bronchoscope was wedged into a subsegmental bronchus of 
the middle lobe, and bronchoalveolar lavage with a total volume of 250 ml 
sterile saline was performed. Single-cell suspensions from BAL fluid were 
obtained by passing the BAL fluid through a stainless steel sieve (Teesieb 
Profi Plus; WMF, Geislingen, Germany) with a mesh aperture of 0.5 mm. 
BAL cells (4 X 10^) (containing approximately 80% alveolar macro- 
phages) were cultured in 500 (A RPMI 1640 with 10% fetal calf serum 
(FCS) and 4 mM L-glutamine, 10 ng/ml M-CSF, penicillin G (100 U/ml), 
and amphotericin B (5 /xg/ml) in 48-weIl flat-bottom microliter plates 
(Nunc). 

Infection experiment analysis of mycobacterial growth. hMDMs (2 
X 10^) were cultured in 500 jxl RPMI 1640 with 10% FCS and 4 mM 
L-glutamine in 48-well flat-bottom microliter plates (Nunc) at 37°C in a 
humidified atmosphere containing 5% COj. Macrophages were infected 
with MTBC strains at the indicated MOI. Four hours postinfection, non- 
phagocytosed bacteria were removed by washing three times with 0.5 ml 
Hanks' balanced salt solution (HBSS) (Invitrogen, Karlsruhe, Germany) 
at 37°C. After washing and after 3 days of cultivation, 0.5 ml medium was 
added to the macrophage culture. At day 7, supernatants were completely 
removed, and macrophage cultures were lysed at 4 h and 7 days postin- 
fection by adding 10 fxl 10% saponin solution (Sigma, Steinheim, Ger- 
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many) in HBSS at 37°C for 15 min. Lysates were serially diluted in sterile 
water containing 0.05% Tween 80 (Merck, Darmstadt, Germany) and 
plated twice on 7H10 agar containing 0.5% glycerol (Serva) and 10% 
heat-inactivated bovine calf serum (BioWest, France). After 3 weeks at 
37°C, the CFU were counted. 

Quantification of cytokine production. Cytokine levels of TNF-a, 
IL-6, IL-lj3, IL12p40, and RANTES in supernatants from uninfected and 
infected macrophage cultures were determined 24 h postinfection (p.i.) 
by cytometric bead array (CBA) technology using a FACSArray bioana- 
lyzer system (BD Biosciences) according to the manufacturer's instruc- 
tions. Data and cytokine concentrations were analyzed using the FCAP 
Array software program (BD Biosciences). 

M. tuberculosis aerosol infection experiments with mice. Female 6- 
to 8-week-old specific-pathogen-free mice were maintained in individu- 
ally ventilated cages (JVC) (Ebeco, Castrop-Rauxel, Germany) under bio- 
safety level III conditions. Mice were aerogenicaUy infected (Glas-Col, 
Terre-Haute, IN) with approximately 200 CFU of representative isolates 
of the Beijing and EAI genotypes, as well as the reference strain H37Rv. 
Inoculum size was confirmed 24 h after infection by determining the 
bacterial burden in the lung. Bacterial replication in the lungs of C57BL/6 
mice was determined. At indicated time points after infection, lungs from 
five animals per group were aseptically removed, weighed, and homoge- 
nized in distilled sterile water containing 0.05% Tween 80. Tenfold serial 
dilutions of lung homogenates were plated on Middlebrook 7H10 agar 
supplemented with 10% bovine serum and incubated at 37°C for 21 days. 
Colonies on plates were enumerated, and results were expressed as logj^ 
CFU per organ. The survival time after infection was monitored in DBA/2 
mice. Mice that lost 25% of their original weight during the course of 
infection were scored as moribund and had to be sacrificed. 

Histopathology. For histopathological analysis, lung lobes were fixed 
in 4% formalin-phosphate-buffered saline (PBS), set in paraffin blocks, 
and sectioned (2 to 3 jxm). Histology was performed using standard pro- 
tocols for hematoxylin-eosin (H&E) staining. 

SUPPLEMENTAL MATERIAL 

Supplemental material for this article may be found at http://mbio.asm.org 
/lookup/suppl/doi: 10.11 28/mBio.00250- 1 3/-/DCSupplemental. 
Figure SI, PDF file, 0.2 MB. 
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